Introduction
============

Nanocomposites of conducting polymers and metallic nanoparticles have attracted considerable attention in recent years because of their potential applications in various areas, such as electrocatalysis, chemical sensors and optoelectronic devices \[[@B1]-[@B4]\]. They have synergistic chemical and physical properties based on the constituent polymer and introduced metal. Extraordinary physicochemical properties of such nanocomposites can be attributed to high surface area and quantum size effect \[[@B5]-[@B8]\]. Various methods for the preparation of these composites have been described. In general, these following routes are used: (a) where the monomer or polymer acts as a reductant for the metal, yielding the nanocomposite in powder or thin film forms \[[@B9],[@B10]\] or (b) preparation of the nanoparticles followed by either chemical polymerization around the particles or dispersion of the nanoparticles in a polymer matrix \[[@B11],[@B12]\].

In parallel with the development of the above nanocomposites, the topic of "green" chemistry and chemical processes has been emphasized \[[@B13]\]. Ionic liquids, defined herein as salts that melt at or below 100°C, can provide unique properties, such as non-flammability, low volatility, high thermal and electrochemical stability, and ionic conductivity \[[@B14]-[@B17]\]. They are regarded as environmentally friendly solvents. In particular, the imidazolium ionic liquids associated with specific anions are known to self-organize in a way that is adaptable to the fabrication of nanostructures of metal and conducting polymers \[[@B18]-[@B22]\]. However, it is still appealing to study the relationship between the different ionic liquids and the structures of the nanomaterials fabricated in them.

In this paper, we presented a simple and environmentally friendly method to synthesize PPy/Ag nanocomposites at the interface of water and ionic liquid. During the formation process of PPy/Ag, ultraviolet light was introduced in order to improve the reaction rate and distribution level of Ag nanoparticles. Fourier-transform infrared (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) were used to characterize the PPy/Ag nanocomposites. It was observed that PPy/Ag nanocomposites possess enhanced higher conductivity since silver was a conductor.

Experimental Section
====================

Polyvinylpyrrolidone (PVP), 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBF~4~) and AgNO~3~ were purchased from Aldrich. Pyrrole was distilled twice under reduced pressure, stored under nitrogen and refrigerated in the dark. Other reagents were used as received without further treatment.

In a typical synthesis of PPy/Ag nanocomposites, 2 mmol of pyrrole was dissolved in 10 mL of BmimBF~4~. Then, AgNO~3~ was dissolved in aqueous solution with or without 0.1 M PVP. The two solutions were then carefully transferred to a beaker and an interface was generated between two layers. The solutions were placed under a UV lamp (500 W) set at 254 nm for 60 min at room temperature. After that, the UV-light was removed and the reaction was continued for 10 h. The precipitate was centrifuged and washed with distilled water and ethanol for several times, respectively. The final product was dried under vacuum at 40°C for 24 h.

The morphologies were measured by transmission electron microscopy (TEM, JEM-200CX). Fourier-transform infrared spectra (FTIR) of the samples were recorded on a Bruker VECTOR22 spectrometer using KBr pressed disks. XRD patterns were taken with a Shimadzu XD-3A instrument with a Cu Ka X-ray source. XPS was performed using a Kratos AXIS HSi spectrometer equipped with a monochromatized Al Kα X-ray source (1,486.6 eV photons). The conductivities were measured by using the standard four-probe method at room temperature.

Results and Discussion
======================

Recently, conducting polymers with various nanostructures have been synthesized in the biphasic ionic liquid/water system \[[@B23]\]. Both water and ionic liquid are environmental benign solvents. In this work, PPy/Ag nanocomposites were successfully synthesized through the redox reaction of AgNO~3~ and pyrrole monomer at the water/ionic liquid interface with the aid of UV-light. TEM image of a typical PPy/Ag nanocomposite, with the size range of 80--140 nm prepared in the presence of PVP, was shown in Fig. [1a](#F1){ref-type="fig"}. In comparison with the morphology of the nanocomposite prepared in the absence of PVP (Fig. [1b](#F1){ref-type="fig"}), there were two major findings that can be easily observed: (1) there was no obvious change in the average particle size for the nanoparticles with and without PVP and (2) the degree of dispersion and the uniformity of the resultant composite nanoparticles prepared in the presence of PVP were effectively improved. Therefore, PVP as an anchor agent played an important role during the synthesis process. Shin et al. \[[@B24]\] synthesized silver nanoparticles stabilized with amphiphilic PVP and suggested that PVP promoted the nucleation of metallic silver. The amphiphilic PVP would be beneficial for the adherence between the polymer shell and the inorganic core. In the present work, when the mixture containing pyrrole and AgNO~3~ was irradiated by UV-light, the silver ions may first interact with PVP, and then are reduced to silver atoms. At the same time pyrrole radical cation was formed. Herein, PVP acted as a useful stabilizer to promote a strong interaction between the Ag nanoparticles and the PPy matrix. PVP might provide active sites on the silver particles so as to induce the growing polycationic PPy chains to complete the coating of PPy layers, resulting in the formation of PPy/Ag nanocomposites. In addition, the effect of the feed ratio of AgNO~3~ to pyrrole monomer (represented by \[AgNO~3~\]/\[pyrrole\]) on the resultant products was also studied. As shown in Fig. [2](#F2){ref-type="fig"}, PPy-coated Ag nanocomposite with a diameter of 80--130 nm was uniform in size and well dispersed. Moreover, the size of Ag increased gradually with the increase of \[AgNO~3~\]/\[pyrrole\].

![TEM images of PPy/Ag nanocomposites prepared at \[AgNO~3~\]/\[pyrrole\] of 0.8 with (**a**) and without (**b**) of PVP](1556-276X-5-433-1){#F1}

![TEM images of PPy/Ag nanocomposites prepared at \[AgNO~3~\]/\[pyrrole\] of 0.2 (**a**) and 0.5 (**b**)](1556-276X-5-433-2){#F2}

The conductivity of the PPy/Ag nanocomposite prepared at \[AgNO~3~\]/\[pyrrole\] of 0.8 was found to be 12.8 S/cm, whereas that of the pure PPy was found to be 0.14 S/cm \[[@B25]\]. There was an increase of about two orders of magnitude in conductivity upon incorporation of silver in the PPy matrix based on the present method. Because silver is a conductor, the higher conductivity of the nanocomposites should be ascribed to the combination of silver in the nanocomposites. As shown in Table [1](#T1){ref-type="table"}, with the increase of feed ratios of AgNO~3~ to pyrrole monomer, the conductivity of the nanocomposite increased perhaps due to the increase of Ag content in the nanocomposite.

###### 

Conductivities of the products prepared at different ratios of AgNO~3~ and pyrrole monomer

  \[AgNO~3~\]/\[pyrrole\]   Conductivity (S/cm)
  ------------------------- ---------------------
  1                         13.5
  0.8                       12.8
  0.5                       9.6
  0.2                       3.2
  0                         0.14

Figure [3](#F3){ref-type="fig"} showed the presence of a series of IR characteristic bands for the PPy/Ag nanocomposite and PPy. The peaks located at 1,540 and 1,454 cm^−1^ were related to the fundamental vibrations of the pyrrole rings in the protonated PPy \[[@B26]\]. Bands at 1,293 and 1,034 cm^−1^ were assigned to a combination C--H in-plane ring bending and the deformation of the five-membered ring that contains the C=C--N deformation \[[@B27]\]. The peak near 958 cm^−1^ may be attributed to the C--C out-of-plane ring deformation vibration. The peak at 1,163 cm^−1^ was related to C--N stretching wagging vibrations. In addition, the band at 1,655 cm^−1^ corresponded to the stretching vibration of the C=O group, which indicated that PVP was absorbed in the prepared nanocomposites.

![FTIR spectra of PPy/Ag nanocomposite prepared at \[AgNO~3~\]/\[pyrrole\] of 0.8 (**a**) and PPy (**b**)](1556-276X-5-433-3){#F3}

XPS was further used to characterize the PPy/Ag nanocomposite. Figure [4](#F4){ref-type="fig"} showed the XPS N 1s and Ag 3d core-level spectra of the nanocomposite. The N 1s spectrum was deconvoluted into three peak component with BEs at 399.5 and 401.2 eV, attributed to the --NH-- and --N^+^-- species \[[@B28]\]. Lower binding energy component (397.5 eV) attributed to uncharged deprotonated imine (=N--) nitrogen atoms or imine defects responsible for interruption of effective conjugation of PPy, was absent in the core-level N1s XPS spectrum of PPy/Ag nanocomposites. Ratio of the areas of the nitrogen peaks at 401.2 and 399.5 eV was 0.26 for the nanocomposites, which correlated well with the doped state of the nanostructured PPy \[[@B29]\]. The inclusion of zero valent Ag species in the nanocomposites was confirmed by the presence of major doublets at 367.9 and 373.9 eV attributed to Ag 3d~5/2~ and Ag 3d~3/2~, respectively \[[@B30]\]. The XPS results thus indicated that chemically doped PPy and elemental Ag were produced simultaneously in the present interface system.

![XPS N 1s (**a**) and Ag 3d (**b**) core-level spectra of PPy/Ag nanocomposite prepared at \[AgNO~3~\]/\[pyrrole\] of 0.8](1556-276X-5-433-4){#F4}

The powder XRD pattern also confirmed the incorporation of Ag in the nanocomposites. As shown in Fig. [5a](#F5){ref-type="fig"}, [5b](#F5){ref-type="fig"}, the broad band appearing at 2θ value of 25° was ascribed to the amorphous PPy. Above 30°, four additional diffraction peaks at 38, 44, 65 and 77° that represented Bragg's reflections from (111), (200), (220) and (311) planes of Ag were observed in Fig. [4a](#F4){ref-type="fig"}, which further indicated the existence of Ag nanoparticles in the nanocomposites.

![XRD patterns of PPy/Ag nanocomposite prepared at \[AgNO~3~\]/\[pyrrole\] of 0.8 (**a**) and PPy (**b**)](1556-276X-5-433-5){#F5}

Conclusions
===========

A simple one-step strategy for synthesizing PPy/Ag nanocomposites in the presence of PVP has been demonstrated. The oxidation of pyrrole and the formation of silver were initiated by UV irradiation, and then occurred simultaneously at the interface of water and ionic liquid. The formation of the nanocomposites was confirmed by TEM, XPS, FTIR and XRD analysis. Our method showed the merits of easier preparation and more environmental harmony. The nanocomposites may have potential application in many fields of biological separation, enzyme immobilization and biosensors.

Misc
====

An erratum to this article can be found at<http://dx.doi.org/10.1007/s11671-010-9759-y>
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